Abstract. We briefly discuss the intriguing case of a phenomenological non-gravitational coupling in the dark sector, where the interaction is parameterized as an energy transfer either from dark matter to dark energy or the opposite. We show that a non-zero coupling with an energy flow from the latter to the former leads to a full reconciliation of the tension between high-and low-redshift observations present in the standard cosmological model.
Introduction
The cosmic microwave background (CMB) radiation anisotropies represent one of the pillars of modern cosmology. They provide a convincing picture that the Universe is dominated by "dark" components, whose presence is felt only through their gravitational effects. The results of the Planck Collaboration [1] show that baryonic matter accounts only for 5% of the total energy density today, while 26% is accounted for by Dark Matter (DM) and 69% is in the form of a diffuse component, the Dark Energy (DE), responsible of the accelerated expansion of the Universe. Furthermore, a whole set of independent cosmological observations (such as high-redshift supernovae, Baryon Acoustic Oscillations (BAOs), Redshift Space Distortions (RSDs) and gravitational lensing) contribute to what has emerged as a successful interpretation of the behavior of our Universe, namely the ΛCDM model. Some tension exists, though, on the cosmological and local determination of the Hubble constant H 0 and on the amplitude of the linear power spectrum on the scale of 8 h −1 Mpc, σ 8 , as discussed for example in [2] .
The nature of DM and DE is still unknown and while DM can be naturally interpreted as being formed by a new type of elementary particle, a clear view on the solution of DE is still lacking. The simplest interpretation of DE is in the form of a cosmological constant Λ. In standard cosmology, based on general relativity, the cosmological constant can be seen as a fluid endowed with equation of state (EoS) p Λ = w Λ ρ Λ , with w Λ = −1 (p Λ and ρ Λ being the pressure and the energy density of DE, respectively): this allows to explain the current accelerated phase of the Universe. The most economic approach is that the two sectors, i.e. DM and DE, do not interact other than gravitationally. However, they might well have some form of non-gravitational coupling, with relevant implications both at the fundamental level and at the cosmological level, since cosmological observables can be affected by the presence of an interaction between DM and DE (see e.g. [3] ). At the same time, cosmological and astrophysical observations can be proficiently used to constrain any form of coupling between the two dark components.
Parameterization
This new interaction can be phenomenologically introduced in various ways (see e.g. [4] for a classification). In our analysis [5] , which follows similar approaches [6] [7] [8] [9] , we phenomenologically parameterize the coupling between DM and DE through an energy transfer from one sector to the other. This can be expressed through the non-conservation of their stress-energy tensors T µν i (i = DM, DE). In this approach, the stress-energy tensors of DM and DE are not separately conserved (while the total stress-energy tensor of DM and DE is), and we parameterize this as:
where the coefficient Q encodes the interaction between the two sectors, u ν DM is the DM fourvelocity and a is the time-dependent scale factor of the Universe [6] [7] [8] [9] . The ensuing evolution equations for the DM and DE energy densities are therefore:
If Q > 0 the energy transfer is from DE to DM, i.e. DE decays into DM, whereas if Q < 0 the energy flux has the opposite direction, i.e. DM decays into DE. In this work, we will not focus on specific theoretical frameworks, we instead use a phenomenological approach and we study one specific model, where the coupling term is proportional to the DE density,
where ξ is a dimensionless coupling parameter and the time dependence of the interaction rate is governed by the Hubble rate H =ȧ/a [7, 9] . For ξ = 0 we recover the uncoupled case of standard cosmology. As we will show below, this model offers the possibility to loosen the tension between the local and cosmological determinations of the Hubble constant H 0 and the matter fluctuations parameter σ 8 . Our baseline model is the ΛCDM model, where Λ refers to the DE and CDM stands for Cold Dark Matter. It can be described using six free parameters: the present baryon density Ω b h 2 ; the present CDM density Ω c h 2 ; the ratio of the sound horizon to the angular diameter distance at decoupling θ; the optical depth at reionization τ ; the amplitude A s and the spectral index n s of the primordial power spectrum of scalar perturbations, at the pivot scale k = 0.05 Mpc −1 . The DE density is a derived parameter, under the assumption of a flat Universe. The current value of the Hubble parameter H 0 and the root-mean-square fluctuations in total matter in a sphere of 8h −1 Mpc radius, σ 8 , are derived parameters too. We adopt flat priors in the ranges listed in Table 1 . The evolution of the DM and DE densities can be obtained by solving Eqns. (2a) and (2b):
where ρ 0 i (i = DM, DE) is the energy density of the species i today. We recall that ξ < 0 corresponds to an energy flux from DM to DE, i.e. DM decaying into DE, while ξ > 0 corresponds to an energy flux from DE to DM, i.e. DE decaying into DM. Hereafter, we will refer to the former case as Model 1 (MOD1) and to the latter case as Model 2 (MOD2).
Looking at Eqns. (4a) and (4b), we notice that it is difficult to disentangle the effects of the DE EoS parameter w Λ from the coupling ξ by only studying the background evolution; we must include the perturbation evolution equations, which are also affected by the DM/DE coupling. The perturbation equations in the linear regime can be expressed in the synchronous gauge as [7] :
where h = 6φ is the synchronous gauge metric perturbation and v DM , i.e. the DM peculiar velocity, is fixed to zero using the gauge freedom. Moreover, the DE sound speed is fixed: c s,Λ = 1. For our analysis, we implemented the modified equations into the numerical Boltzmann solver camb [10] and we modified the Markov Chain Monte Carlo (MCMC) code CosmoMC [11] in order to include ξ as an additional parameter. The parameters specific to the DM/DE coupling, ξ and w Λ , are variable inside the ranges listed in Table 2 ; we assumed flat priors.
Constraints from cosmological data
We base our analysis on CMB data from the latest Planck release [1] . Specifically, we consider as our minimal data combination the full temperature autocorrelation spectrum in the range 2 ≤ ≤ 2500 (denoted as "PlanckTT") plus the low-Planck polarization spectra in the range 2 ≤ ≤ 29 (denoted as "lowP") [12] . Additionally, we consider and add separately the highPlanck polarization spectra in the range 30 ≤ < 2500 (hereafter "highP") [12] .
Since the coupling between DE and DM introduces a time dependence in the background evolution of DE and DM (see Eqns. (4a) and (4b)), it is important to test our models using data at different redshifts with respect to CMB measurements. Thus, we consider the luminosity distances of SNIa from the SNLS and SDSS catalogs as re-analyzed in [13] ("JLA" hereafter). We also include the BAO as determined by 6dFGS [14] , SDSS-MGS [15] and BOSS DR11 [16] , together with RSD data from [17] . We will refer to the combination of these measurements as to the "BAO/RSD" dataset. We also include information on the power spectrum of the lensing potential reconstructed by Planck from the trispectrum measurement [18] (hereafter "lens").
It will be interesting to compare our results with the weak lensing determinations obtained from the cosmic shear measurements of the CFHTLenS survey [19] , that appear to be in Table 3 . Marginalized limits at the 2σ C.L. for the relevant parameters of this analysis. The results are obtained using the "PlanckTT+lowP" dataset, for the three different models (ΛCDM, MOD1 and MOD2). When an interval denoted with parenthesis is given, it refers to the 2σ C.L. range starting from the prior extreme, listed in Tables 1 and 2. substantial tension with the Planck results [20] . The tension can be explained invoking the presence of some unaccounted systematics in the analyses of the experimental data or an incomplete modeling of the theoretical predictions, but can also be the result of the existence of new physics beyond the ΛCDM model. In this respect, it is worth to discuss also other experiments that probe the mass distribution at late times, such as cluster counts through the Sunyaev-Zel'dovich (SZ) effect from Planck [21] . As mentioned before, a clear detection of a preference for a low σ 8 from the local determinations with respect to the CMB results would indicate the possible existence of new physics beyond the ΛCDM model. We do not include in our analyses constraints on the Hubble parameter H 0 , the expansion rate of the Universe today, due to the tensions that exist between local determinations and CMB estimates for this observable. Planck constraints in the context of the ΛCDM model are typically lower than the local measurements. Therefore we confront and discuss our results in comparison with the local determination of H 0 [22, 23] . The significance of the tension depends on the distance calibration. Only the result obtained in [22] is consistent with the CMB result within 1σ, while the other measurements present some tension.
We will show that MOD2 can resolve the tension between local and cosmological determinations of both H 0 and σ 8 .
In our analyses we have explored different combinations of the listed datasets: our starting point is the CMB-only dataset "PlanckTT+lowP", while we will indicate with "ALL" a combination involving all the mentioned datasets. For each data combination we will test the three cosmological models (ΛCDM, MOD1, MOD2) to investigate the impact of the coupled scenarios.
The results of the analyses for the "CMB only" and "ALL" datasets are reported in Tables 3   Parameter   ΛCDM  MOD1  MOD2 Table 4 . The same as in Tab. 3 but for the analysis on the "ALL" dataset.
and 4, respectively. The Tables show the 2σ constraints for the relevant cosmological parameters. We find that most of them are not sensitive to the coupling in the dark sector and the ensuing results are quite unchanged when moving from ΛCDM to MOD1 or MOD2. As expected, there is however a strong correlation between the coupling parameter ξ and the current DM density Ω c h 2 . For ξ < 0 (MOD1), the bigger is the interaction, the smaller is the DM abundance today, i.e. more DM decayed into DE during the evolution. Conversely, for ξ > 0 (MOD2) a larger DM density is predicted. This is manifest in Tables 3 and 4 . Given a flat Universe, this turns out in different values for the DE energy density parameter today Ω Λ in the different models.
It is interesting to note that MOD1 predicts a value for σ 8 significantly larger than the ΛCDM prediction (see both Tab. 3 and Tab. 4). Since MOD1 predicts a larger amount of DM in the early Universe, there is more clustering in the primordial Universe, that results in an earlier transition to the non-linear evolution and hence to an unavoidably larger value for σ 8 with Mpc −1 (GE) [22] , while the horizontal dark yellow band stands for σ 8 = 0.75 ± 0.03 (SZ) [24] . respect to the ΛCDM prediction. Even if the σ 8 values as determined by local measurements are an underestimate of the true value, nevertheless this can be a strong argument against MOD1. Conversely, in MOD2, the DM abundance is fed by DE as the Universe evolves: the non-linear evolution starts later and clustering is less prominent, making σ 8 smaller.
In Fig. 1 we summarize the results on H 0 and σ 8 in the ΛCDM , MOD1 and MOD2 models. The left panel refers to CMB data only, while the right panel is for the "ALL" dataset. The two bands show the intervals of the local determinations of σ 8 = 0.75 ± 0.03 from Planck [24] , and H 0 = 70.6 ± 3.3 [22] . Both the plots show that MOD1 fails in obtaining high values of H 0 accompanied by low σ 8 values, compatible with the local determinations of these parameters. In MOD1 a larger σ 8 corresponds to a bigger DM/DE interaction rate, since the larger amount of DM in the early Universe accelerates the evolution of the matter fluctuations at small scales.
MOD2 exhibits instead an opposite behavior, i.e. lower values for σ 8 correspond to a stronger coupling in the dark sector and possibly to high values of H 0 , if w Λ is large. In this sense, MOD2 appears to be preferred over MOD1, since in this context the cited tensions of σ 8 and H 0 can be solved.
Conclusions
In order to investigate the possibility of a non-gravitational interaction between DM and DE, we have performed cosmological tests in a phenomenological model where DM can partially transfer its density to DE, or vice-versa [5] . The combination of a whole host of updated cosmological data allows to constrain the evolution of the Universe at different redshifts and test the DM/DE interaction at different times. If we consider the derived values of the Hubble parameter H 0 and of σ 8 , we find that MOD1 increases the tension with the low-redshift measurements of H 0 from HST [22, 23] and, more significantly, with the SZ cluster counts and other local determinations of σ 8 [19, 21, 24] . On the contrary, in MOD2, σ 8 is smaller than in the ΛCDM model, as a consequence of the DM to DE transfer, and cosmological determinations of H 0 and σ 8 are better reconciled with low-redshift probes. A non-zero coupling between DE and DM, with an energy flow from the former to the latter, appears therefore to be in better agreement with cosmological data.
